The spectra of functionally essential, chromophoric metal atoms of metalloenzymes are thought to reflect catalytic potential [Vallee and Williams (1968) Proc. Nat. Acad. Sci. USA 59, 498]. The spectra of cobalt procarboxypeptidase and their perturbations by substrates and inhibitors are virtually the same as those of cobalt carboxypeptidase; both are consistent with a distorted tetrahedral geometry about the cobalt atom, suggesting irregular coordination geometries and low symmetries of metal-binding sites. We have, therefore, examined the enzymatic properties of cobalt procarboxypeptidase and found that it catalyzes the hydrolysis of a series of haloacylated amino acids at rates equal to or greater than those of native zinc carboxypeptidase. These observations demonstrate the existence both of the catalytic and of the binding sites for haloacylated amino acids of the zymogen, even before activation. Hence, the magnitude of conformational changes at the catalytic site thought to accompany its activation must be very small, no matter what their magnitude might be elsewhere in the molecule. The data support the entatic state hypothesis and suggest that it may profitably guide the exploration of catalytic potential of metalloproteins and metal-protein complexes.
Spectral data have revealed that chromophoric metal atoms at the active sites of metalloenzymes exist in an entatic state, characterized by low symmetry and irregular geometry of metal coordination. Such spectra have been postulated to reflect functional potential (1) (2) (3) . Generation of functional potential is the essence of zymogen activation, a process generally thought to involve conformational changes that might either affect the catalytic site or reveal, form, or complete the substrate-binding site-or all of these.
We have now examined the conversion of bovine procarboxypeptidase, a metallozymogen, to carboxypeptidase A, a metalloenzyme, in the context of the entatic state hypothesis. Both the bovine zymogen, molecular weight 87,000, and the enzyme, molecular weight 34,600, contain a single zinc atom, which can be replaced with cobalt (4) . The virtual identity of the spectrochemical properties of cobalt procarboxypeptidase and cobalt carboxypeptidase led us to explore the catalytic activity of the cobalt zymogen. Bovine cobalt procarboxypeptidase A exhibits substantial peptidase activity towards a series of halogen-substituted acylamino acids, as great or greater than that of the native zinc enzyme. This finding unambiguously demonstrates the existence of both catalytic and binding sites of the cobalt zymogen for these substrates. It suggests, moreover, that some of the sites, required for the binding of conventional substrates, must preexist in the bovine zymogen. Hence, the magnitude of conformational changes at the catalytic site thought to accompany its activation must be very small, no matter what their magnitude might be elsewhere in the molecule. The process of activation may require a less substantial conformational change of the catalytic subunit than might be inferred from past general views of such mechanisms.
METHODS
Procarboxypeptidase was prepared as described (5); apoprocarboxypeptidase was prepared by dialysis against multiple changes of 2 mM 1,10-phenanthroline in 1.0 M NaCl-0.01 M Tris HCl (pH 7.1) followed by dialysis against Tris-NaCl buffer: Apoprocarboxypeptidase was reconstituted with cobalt sulfate (Johnson Matthey Co., Ltd.) and then dialyzed against metal-free buffer. It contained 0.98 g-atom of Co and less than 0.01 g-atom of Zn, as determined by atomic absorption spectroscopy (6) . Precautions against metal contamination were taken throughout (7) . Various N-substituted derivatives of L-phenylalanine were used as substrates, and were either obtained commercially or synthesized according to known methods (8) .
Peptidase activity was assayed routinely under conditions generally used for the native enzyme, i.e., at 0.01 M substrate concentrations in 0.05 M Tris * HCl-1.0 M NaCl (pH 7.5) 25°, by means of an automated ninhydrin method (9) . Absorption spectra were obtained with a Cary model 14R spectrophotometer, and circular dichroic (CD) and magnetic circular dichroic (MCD) spectra were measured with a Cary model 61 spectropolarimeter equipped with a super-conducting magnet generating fields up to 47 kG (10) .
RESULTS
The visible spectrum of cobalt procarboxypeptidase exhibits maxima near 555 and 572 nm, with absorptivities at 145 M-1 cm-n, and a shoulder near 500 nm. It is virtually identical to that of cobalt carboxypeptidase in all respects (Fig. 1) , as are the infrared bands. The absorptivities of their maxima are intermediate between those of symmetrical octahedral and tetrahedral cobalt model complexes (11) .
The coordination of the cobalt atom in both the zymogen and the enzyme is similarly asymmetric, as indicated by the striking identity of their CD spectra (Fig. 2) . Moreover, in the presence of a magnetic field of 43 kG, both exhibit an identical dichroic band at 577 nm, with an amplitude 15 times that of the extremum at 538 nm in the CD spectrum of the cobalt enzyme, as has been reported (10) .
Substances that bind to the active site of cobalt carboxypeptidase alter both its absorption and CD spectra. For example, on addition of glycyl-rtyrosine, the negative CD spectrum of the cobalt enzyme becomes positive; concurrently, +20000, a 4-fold change in magnitude. These changes have been thought to signal alterations in the electronic structure of the cobalt atom, perhaps reflecting its participation in peptide binding. Remarkably, the CD spectrum of the glycyl-Ltyrosine* cobalt procarboxypeptidase complex is nearly identical to that of the corresponding complex with cobalt carboxypeptidase ( Fig. 2) , indicating that glycyl-L-tyrosine not only binds to the zymogen, but also influences the cobalt environment of both proteins similarly. Indeed, inhibiters, e.g., ,-phenylpropionate, affect the absorption, CD, and MCD spectra of both cobalt proteins in analogous fashion.
These absorption and CD spectra suggest that the metal is poised in both the zymogen and the enzyme to participate in the catalytic process. The native zinc and the cobaltsubstituted zymogen exhibit low activity toward N-substituted dipeptides, e.g., carbobenzoxyglycyl-i-phenylalanine, perhaps indicating that the binding residues of the zymogen are inadequate to recognize such substrates. The use of peptides, minimal in size and complexity, yet meeting the specificity requirements of the enzyme might obviate this problem, and amplification of activity achieved by substitution of cobalt for zinc might also facilitate recognition of catalytic potential. Haloacylated aromatic amino acids fulfill these conditions. Indeed, cobalt procarboxypeptidase catalyzes their hydrolysis as readily as does the native enzyme.
Among the series of acyl phenylalanine substrates6studjed, dichloroacetylphenylalanine is hydrolyzed most rapidly, with a turnover number of 980 min-', followed by chloroacetyl, bromoacetyl, acetylglycyl-, iodoacetylphenylalanine, and Fig. 1 . acetylphenylalanine (Fig. 3) (Fig. 4) Zymogen activation has long been thought to present unusual opportunities to further understand the structural bases of enzyme action (12) . This process has been thought to involve rearrangements or major changes in protein structure leading to the proper alignment of amino acid side chains from various regions of the molecule, so as to produce effective substrate-binding sites. The mechanisms by which active center residue(s) acquire enzymatic capacity, and the possible interdependence and interrelationships of these processes, have been the subject of much speculation. Since cobalt procarboxypeptidase is at least as effective a catalyst toward these haloacylamino acids as is the native zinc enzyme, conformational rearrangements need not be postulated to account for their hydrolysis, much as the features of the activation process that lead to enhanced binding and catalysis of conventional substrates remain to be defined.
Metal substitutions (13) , as well as inhibitor and substrate binding (13) and organic modifications (14) , have long indicated that significant aspects of the active center of carboxypeptidase are present in bovine procarboxypeptidase A. In this regard it is interesting to recall that bovine procarboxypeptidase A exhibits low-5 to 6%-esterase activity toward hippuryl-dl-,3-phenyllactic acid before tryptic activation (15) .
We have conjectured (13) (16) .
The carboxypeptidase catalyzed hydrolysis of hippurylphenyllactic acid (1) , of the peptide analogue benzolglycyl-Lphenylalanine (2), and of carbobenzoxyglycyl-L-phenylalanine (3) , are characterized by multiple kinetic anomalies (17) that are not apparent in the kinetics of the acylamino acid derivatives studied here (see e.g., Fig. 4 In the absence of systematic kinetic investigations of the bovine cobalt procarboxypeptidase A-catalyzed hydrolysis of natural or synthetic substrates of various chain lengths, such considerations render unprofitable speculations regarding detailed mechanism(s) designed to account for the low rates of hydrolysis of particular substrates by this zymogen.
In the present study, the catalytic effectiveness of the cobalt atom at the active site (10, 17) combines with the productive binding of the halogenated acylaminoacids to yield rates far above such "noise" levels. For these substrates they become, in fact, equal to or greater than the "signals" due to the hydrolytic rates of the native enzyme. Whatever the nature of the activation process leading to binding and catalysis of other substrates may be, the evidence suggests that the active metal site is entatic before activation of bovine procarboxypeptidase A. Conditions requisite for detailed kinetic comparisons between the characteristics of various zymogen and enzyme derivatives acting on different substrates are under examination.
In formulating the entatic state hypothesis, we have emphasized the importance of spectra as probes of active sites of metalloenzymes. Such spectra reveal geometric and electronic detail thought to be pertinent to the function of such systems (1-3). The hypothesis gains significance from experiments designed to evaluate critically inherent assumptions and postulates. The present enzymatic findings bear out the implications of the entatic spectrum of bovine cobalt procarboxypeptidase A. They support the hypothesis and suggest that it may profitably guide the exploration of catalytic *For investigations of such substrates with low turnover numbers, spontaneous activation, contaminants, or the existence of a fraction of molecules that is partially activated even while retaining the molecular parameters of the zymogen, must be ruled out, of course, as has been emphasized (13, 15, 20) .
potential and substrate specificity of metalloproteins and of metal-protein complexes. We have previously commented upon the fact that both selective chemical modifications of specific, hyperreactive amino acid side chains of a larger number of (non) metalloenzymes and the physical-chemical properties of metalloenzymes constitute apparent links between chemical and catalytic properties of these proteins
